Objectives: Deficits in social cognition predict poor functional outcome in severe mental illnesses such as schizophrenia and autism. However, research findings on social cognition in bipolar disorder (BD) are sparse and inconsistent. This study aimed to characterize a critical social cognitive process-eye gaze perception-and examine its functional correlates in BD to inform psychopathological mechanisms.
| INTRODUCTION
Individuals with bipolar disorder (BD) often suffer from lasting functional impairments, even during remission of active mood symptoms.
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These impairments not only lead to reduced work productivity and unemployment, 4 but also impact their social relationships and quality of life negatively. 2, 5 A main predictor of low functioning in BD is subsyndromal depressive symptoms (i.e., symptoms not meeting the full diagnostic criteria for a mood episode), 2 but it only accounts for a small amount of variance 6, 7 -even smaller (7%) after accounting for the effect of neurocognitive functioning. 8 Neurocognition is a more promising predictor, although the variance explained is typically in the range of 7%-21%. 8, 9 Research with individuals diagnosed with schizophrenia (SZ) has shown that social cognition mediates the relationship between neurocognition and functional outcome, 10, 11 suggesting that social cognition has a more direct relationship to functioning. There is preliminary evidence showing a significant link between the two in BD. [12] [13] [14] Given its potential as a better predictor of psychosocial outcome than neurocognition, a better understanding of social cognition in BD could inform the illness mechanism and refine current treatment.
Despite its clinical relevance, social cognition in BD remains underinvestigated, and findings are mixed. There is some evidence that individuals with BD are impaired in emotion processing (i.e., the ability to recognize, appraise, and utilize emotion) and theory of mind (i.e., the ability to infer other people's mental states, such as beliefs, intentions, and emotions, based on available social cues and contexts). 15, 16 However, not all studies have found social cognition impairment in BD, even in the presence of impaired neurocognition. 17 Clinical factors are one potential source of variability across studies. For example, social cognitive deficits were more severe in BD patients with a history of psychotic symptoms than in those without. 18 They were most severe during manic episodes, 16, 19 but could persist during remission of active mood symptoms. 16 Another source of variability is the tasks used to assess social cognition. Some data suggest that social cognitive impairment in BD may be present only in some specific domains (e.g., selfreferential information processing). 20 Despite evidence for significant genetic and phenotypic overlap between SZ and BD, the degree to which social cognitive abilities differ across the two disorders has not been extensively investigated. Although one study has found that the level of impairment (e.g., in theory-of-mind tasks) in BD is as severe as in SZ patients, 21 the majority have found it to be intermediate be-
tween levels of healthy controls (HC) and SZ. 13, 15, 22 To determine if and how social cognition is compromised in BD, it is necessary to examine well-defined social cognitive domains. One core building block of social cognition is eye gaze perception. 23 Humans develop the ability to infer attention and intention of others from their gaze direction during infancy and this ability is critical to successful social development and functioning. 24 Abnormal gaze perception may lead to wrong judgments about the focus of people's attention, thus assigning meaning to irrelevant stimuli. For example, misperceiving someone else as looking at you may lead to grandiose ideas (if the intention is perceived as positive) or paranoid delusions (if the intention is perceived as negative). Studies have shown that self-referential gaze perception is impaired in SZ. [25] [26] [27] Specifically, when gaze perception was assessed using a continuum of gaze directions and analyzed using a psychophysical method, SZ patients over-perceived eye contact when gaze was ambiguous and began to endorse eye contact with a weaker eye-contact signal (i.e., when gaze direction was more averted) compared with HC. 27 Their perception curve, plotting eye-contact perception as a function of gaze direction, was also shallower, suggesting more uncertainty or reduced sensitivity in making self-referential vs non-self-referential judgments of eye gaze. This impairment was correlated with more severe clinical symptoms and explained a significant amount of variance in socio-emotional functioning even after controlling for basic neurocognition. The same linear relationship between gaze perception and socio-emotional functioning was also observed in HC, suggesting that gaze perception may be a determinant of social functioning regardless of disease status.
This study addresses a gap in the field of social cognition research in BD, namely, gaze perception. Demonstrating a relationship between gaze perception and broader social functioning, as observed in SZ and HC, would inform the mechanisms and treatment of functional impairment of BD. This would also provide support that gaze perception is an important dimension of social functioning that cuts across disease boundaries, thus enhancing our understanding of psychopathologies.
Further, given preliminary findings that BD with psychotic features had more severe social cognitive deficits than those without, 18 investigating how a history of psychosis is associated with a specific social cognitive deficit in BD, eye gaze perception in this case, would also inform disease mechanisms.
The primary aim of this study was to characterize self-referential eye gaze perception in BD and examine its implications for psychosocial functioning. In addition, to investigate whether putative gaze perception differed quantitatively or qualitatively from that in SZ, we examined its relationship to socio-emotional functioning in BD in comparison with HC and SZ patients. We used a psychophysical approach to examine judgments of eye contact as a function of eye-contact signal strength (i.e., gaze direction) as described in our previous study.
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Briefly, we used a relatively large number of trials of face stimuli covering the full range of gaze directions (from averted to direct in gradual increments). This method allowed us to examine two critical characteristics of eye-contact perception: thresholds (how strong an eyecontact signal one needs to perceive gaze as self-directed) and slope (how categorical or sensitive one's eye-contact perception is). We also manipulated head orientation (forward or averted) and facial emotion (neutral or fearful) of the face stimuli, because these two factors have been shown to interact with gaze direction during gaze perception. 28, 29 Studying how these two factors modulate eye-contact perception in BD can provide a richer understanding of how contextual and affective information influences self-referential gaze processing in the disorder.
We hypothesized that (i) BD patients would show abnormal eyecontact perception (i.e., overperception when gaze is ambiguous, and reduced perception thresholds and slope) compared with HC; (ii) the patterns of abnormalities in eye gaze perception in BD would be similar to those observed in SZ but to a lesser degree; (iii) the abnormalities in eye gaze perception would be worse in BD patients with a history of psychosis compared with those without; and (iv) BD patients would exhibit a similar relationship between gaze perception and socioemotional functioning as in SZ and HC. 
| METHODS

| Participants
| Assessments
The 
| Eye-contact perception task
Participants viewed black-and-white photos of faces varying in head orientation (forward, or 30° averted to left or right), emotion (neutral or fearful), and eye-contact signal strength (0, 0.1, 0.2, …, 1.0). Gaze direction varied from averted (0 eye-contact signal strength) to direct (1.0 eye-contact signal strength) in ten 10% increments (see Figure 1 for example stimuli). The task contains 528 trials in total: 2 head orientations × 2 emotions × 11 eye-contact signal strengths × 6 actors × 2 directions (left or right). For each face, participants were instructed to indicate, according to their first impression, whether they felt the person was looking at them (yes/no) by pressing one of two buttons.
The task was self-paced and participants were allowed to pause and take a brief break whenever they needed (see Tso et al. 27 for more task details). The task typically lasted 10-12 minutes.
| Data processing
The major analyses were conducted on the parameters that define function (see Figure 2 for an example). Because responses to averted faces did not approach a logistic function, only responses to forward faces were used in this analysis. Two psychophysical properties of eyecontact perception were derived from the fitted curve: thresholds (i.e., the expected signal strength given a certain eye-contact endorsement rate) and slope. Our previous study 27 suggests that thresholds estimated using lower response cut-offs could best distinguish patients with SZ from HC. In this study, we used the same method and obtained nine perception thresholds using response cut-offs of 10%, 20%, …, 90% eye-contact endorsement rate. The slope of the function when f(x) = 50% was used as a measure of participants' sensitivity to eyecontact signal strength, given that it measures how rapidly one's perception changes from non-self-referential to self-referential (see Tso
F I G U R E 1 Sample face stimuli from the eye-contact perception task. From left to right, eye-contact signal strength increases in 10% increments from 0 (averted) to 1.0 (direct) et al. 27 for more details on the mathematical derivation of the slope);
higher values indicate that perception is more clear-cut categorical (i.e., with higher perceptual sensitivity).
In order to include the data on averted faces, we performed an additional analysis in which we calculated each subject's mean eyecontact endorsement rate for the 11 gaze angles.
| Statistical analyses
Group and model comparisons were conducted using Bayes factors "strong" evidence, 0.01-0.033 "very strong" evidence, and <0.01
"decisive" evidence. All BFs were computed using the r package "BayesFactor".
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For threshold, the anovaBF command was used to compare ANOVA models consisting of all possible permutations consisting of group, emotion, response cut-off, and their interaction terms as fixed effects. The model with the highest BF (compared against a denominator model consisting of only subject as a random factor) was chosen as the winning model and is reported in the Results. This was then followed up by pairwise group comparisons of threshold at each response cut-off using the ttestBF command.
For eye-contact endorsement rate, the anovaBF command was used to select the winning model among ANOVA models consisting of all possible permutations of group, head orientation, emotion, and their interaction terms as fixed effects.
For the slope of the perception curve, the anovaBF command was used to select the winning model among ANOVA models consisting of all possible permutations of group, emotion, and their interaction term as fixed effects. Follow-up pairwise group comparisons were conducted using the ttestBF command.
Finally, the relationships between eye-contact perception measures and clinical/functional measures in the three groups were examined using Pearson's correlations and multiple regressions. In the regression analyses, we used the slope of the gaze perception curve as a predictor, because it was the gaze perception measure that significantly explained socio-emotional functioning in SZ patients and HC in our previous study. 27 This variable, in addition to group membership, was included as a predictor of MSCEIT. Specifically, the lmBF command was used to identify a winning model among regression models consisting of all possible permutations of group membership (coded as two dummy variables, SZ and BD, to denote the three groups), slope of the gaze perception curve, and their interaction terms as predictors of MSCEIT. Since HC was coded as the reference group, including the interaction terms (e.g., BD × gaze slope) allowed testing of whether the relationship between gaze slope and MSCEIT in one diagnostic group (e.g., BD patients) was different from that in HC.
| RESULTS
| Participant characteristics
The BD, SZ, and HC groups were well matched for age and parental education. The BD group had a significantly lower male-to-female ratio than the other two groups. The BD group's socio-emotional functioning as measured by MSCEIT was not different from that of HC, but the SZ group had a lower MSCEIT score than HC. See Table 1 for detailed participant characteristics. ). The head orientation effect indicated that the endorsement rate for forward faces (mean = 37%, SD = 13%) was higher than that for averted faces (mean = 21%, SD = 16%; BF = 8.02 × 10
| Over-perception of eye contact
23
).
The group × head orientation interaction was driven by a higher endorsement rate in BD patients (mean = 37%, SD = 13%) compared with HC (mean = 30%, SD = 10%; BF = 3.59), which was not different from that in SZ patients (mean = 41%, SD = 13%; BF = 0.42) for forward faces. For averted faces, however, there was only "anecdotal" evidence that mean endorsement rate in BD patients (mean = 23%, SD = 17%) was higher than that in HC (mean = 15%, SD = 11%; BF = 1.88) but substantial evidence that it did not differ from that in SZ (mean = 25%, SD = 16%; BF = 0.27). As for the group × signal strength interaction, follow-up pairwise group comparisons at each signal strength revealed that group differences were the largest in the low to middle range of signal strengths for both BD−HC comparisons and SZ−HC comparisons. There was no difference in mean endorsement rate between the BD and SZ groups across signal strengths.
| Intact perceptual sensitivity in BD
The gaze perception slope measures how rapidly one's perception changes from non-self-referential to self-referential, and is thus an index of perceptual sensitivity. For the slope, results for BFs
showed that the winning model, providing "very strong" evidence (BF = 87.98), contained main effects of group and emotion only, with no group × emotion interaction (see Figure S1 for BFs of all possible models). Follow-up analyses of the group effect showed that there was no evidence for a difference in gaze perception slope be- 
| Relationship with clinical and functional measures
In both patient groups, eye-contact perception was not significantly correlated with mood symptoms (BDI-IA and YMRS), positive symptoms (SAPS), or negative symptoms (SANS; see Table S1 for pairwise correlations). In the BD and HC groups, eye-contact perception was not significantly correlated with neurocognition (BACS). However, in SZ patients, altered eye-contact perception (lower perception threshold at low/medium response cut-offs; reduced slope of categorical shift) was significantly correlated with poorer neurocognition.
To examine the relationship between gaze perception and socioemotional functioning (MSCEIT) in each group, we assessed the BFs of 
| DISCUSSION
This study examined whether BD patients showed abnormal selfreferential gaze perception-a crucial perceptual component of
Upper panels: eye-contact endorsement rate (percentage of "yes, looking at me" responses) by group along the gaze continuum. P, percentage. Lower panels: over-perception of eye contact of patients with bipolar disorder (BD) and schizophrenia (SZ) along the gaze continuum (i.e., group differences between BD patients and healthy controls [HC] , and between SZ patients and HC) [Colour figure can be viewed at wileyonlinelibrary. com]
F I G U R E 5 Scatterplots of Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT) score against slope of categorical shift with the regression line of the best model among bipolar disorder (BD) patients (left), healthy controls (HC) (middle), and schizophrenia (SZ) patients (right). A faster rate at which perception changes from non-self-referential to self-referential directly correlates with better social cognitive performance in HC and SZ patients [Colour figure can be viewed at wileyonlinelibrary.com] complex social processes-and whether putative abnormality was related to socio-emotional functioning. Using a psychophysics approach, we found that on some measures of eye-contact perception, BD patients were indistinguishable from SZ patients. Like SZ patients, BD patients were more likely than HC to report a face to be making eye contact with them, particularly as gaze direction became increasingly averted. BD patients required a weaker eye-contact signal (i.e., less direct gaze angle) to start perceiving gaze as self-directed, relative to HC. Unlike SZ patients, however, the slope of the gaze perception curve of BD patients was not different from that of HC, indicating that, as actual gaze became increasingly directed at the participant, gaze perception in BD patients changed from non-self-referential to self-referential as rapidly as in HC; that change simply occurred sooner (i.e., at a weaker eye-contact signal strength) in BD patients than in HC. Taken together, our findings suggest that BD patients overperceive eye contact from a gaze that HC would consider ambiguous or non-self-directed, but their perceptual sensitivity was preserved.
We hypothesized that BD patients would exhibit a similar relation- Another way in which performance differed between BD and SZ patients was in the extent to which self-referential biases in gaze perception were influenced by emotion. Both BD patients and HC required more direct eye gaze to endorse the person as looking at them when the face was fearful than when it was neutral. This effect of facial emotion was blunted in SZ patients. Such emotion effect on gaze perception is consistent with previous findings in healthy individuals that fearful faces bias people to perceive averted gaze, which could be a result of fearful emotion and averted gaze being congruent in avoidant motivation. 29, 44 Therefore, it seems that, despite an overall tendency for over-perceiving gaze as self-referential, BD patients showed normal emotional modulation of gaze perception, which distinguished them from SZ patients. This preserved integration of affective contexts in self-referential social signal processing may be a contributing factor of normal socio-emotional functioning in this BD sample. 18 It is also possible that altered gaze perception is only related to specific aspects of psychosis such as paranoia, and therefore correlating it with SAPS total score may not be able to capture a true relationship. Given that our analysis was limited by a modest sample size and that previous inconsistent findings in this area may be due to methodological differences, larger studies with more comprehensive assessment of social cognition are needed to more conclusively show whether a history of psychosis in BD has any impact on gaze perception and its relationship to social cognition in general. Further, since most patients in this study were clinically stable and euthymic, it is possible that the null result of symptom correlates of gaze perception in BD was due to the limited range of symptom severity in both groups, as was the case in other studies. 17 It remains to be investigated whether impaired gaze perception varies between mood phases in BD.
The interpretation of the current findings is limited by several factors. First, the BD group had a higher female:male ratio relative to the other two groups. Previous social cognition studies in healthy individuals found that women perform better than men. 40, 41 A recent meta-analysis of social cognitive studies comparing BD and SZ patients also showed that larger effect sizes (BD patients better than SZ patients) were associated with higher male-to-female ratios in the SZ group. 22 Although we conducted additional analyses to rule out the possibility that the intact gaze perception slope and MSCEIT performance in our BD sample were due to better performance of the female BD participants, the sample size of male BD patients in this study was undeniably small and it is difficult to draw definite conclusions on potential sex differences in social cognition in BD. This question needs to be addressed in future studies with larger samples that have balanced female:male ratios. Second, different medication regimens could be a potential confound. Our sample size did not permit analysis of subgroups of BD and SZ patients who were on similar medication regimens. Because the use and dose of medications are not independent of symptoms and are also confounded by individual treatment response, the question of whether medications contribute to the observed gaze perception abnormalities can only be adequately addressed by studying medication-free participants or those in the early stage of the illness in future studies. Third, the task comprised many (528) trials and there was a possibility that any poor performance may have been due to general cognitive deficits. Since frequent attentional lapses or random responses would result in "noisier" eyecontact endorsement rates for clearly averted and clearly direct gaze (i.e., significantly shifted away from 0% and 100% at both ends of the x-axis), response patterns of all three groups (see Figure 4) show that this was not the case. Although a self-referential bias in BD could be due to low-level perceptual deficits or general cognitive dysfunctions, BD patients were as sensitive to gaze signal strength as HC (as indicated by their equal perceptual slopes), making deficits in low-level perception seem unlikely. There was also no significant correlation between neurocognition (BACS) and gaze perception in BD patients, further ruling out general cognitive deficits as a contributor to their bias. The relationship between general cognitive functioning and gaze perception in SZ has been examined in detail in our previous study, and the findings showed that abnormal gaze perception in SZ is above and beyond just general cognitive deficits. 27 Lastly, static visual stimuli were used in this study. There is evidence that different brain systems may be involved in processing static vs dynamic faces, and dynamic facial expressions may be more ecologically valid than static photos in emotion recognition studies. 51 It remains to be investigated whether basic-level social cognition such as eye gaze perception is similarly affected by motion information.
| CONCLUSIONS
This study used a novel psychophysics approach to examine a fundamental social cognitive function, eye-contact perception, in BD. Our results showed that BD patients exhibited a similar selfreferential bias in eye gaze perception as SZ patients, characterized by over-perception of self-directed intention when viewing ambiguous gaze direction, and required weaker eye-contact signal strength to start perceiving eye contact. However, BD patients' categorical gaze perception was as efficient as HC's and their socio-emotional functioning did not appear to depend on gaze perception performance as those of HC and SZ patients do. These findings suggest that preserved perceptual sensitivity in making eye-contact judgment distinguishes BD from SZ patients and may suggest differential psychopathological mechanisms of social dysfunction between BD and SZ.
